Lobe pumps represent an intelligent design principle for fluid technology. They combine competence in design and complex high-precision manufacturing processes and find their application in the fields of automotive and mobile hydraulics industry. The chambers for inlet, movement and outlet of the fluid are formed in a continuous process by rotating gear-shaped parts, which are sealed by several sliding contacts. The ability to predict wear in such complex systems is essential for the development and lifetime prediction. Using a dynamic 2D finite element simulation, the transient contact pressure and slip conditions are obtained on the surfaces of the three parts of which the pump consists: inner rotor, outer rotor and housing. For the wear simulation it is necessary to handle simultaneous wear in multiple contacts and contacting surfaces. It is shown that it is possible to predict wear in such a system over a large number of rotations with considerable effect on the geometry of the different components. The simulations allow one to predict the number of rotations for a given wear coefficient until critical gaps are formed, which can significantly reduce the performance of the lobe pump. Furthermore, the wear profiles show that the wear between the outer rotor surface and the housing reflects the pressure difference in the pump as well as the symmetry of the rotors. This work shows that it is possible to predict wear and the changing kinematics of systems, which are based on moving contacts. Problems of future interest are gears, camshaft follower systems, or injection systems.
Introduction
Lobe pumps represent an intelligent design principle for fluid technology. They combine competences in design and complex high-precision manufacturing processes and find their application in the fields of automotive and mobile hydraulics industry. The pump design investigated in this work uses lobe rotors that turn continuously and has been fabricated in miniaturized dimensions [1] . An investigation with respect to short term fatigue and fracture of the lobe pumps has been carried out considering dynamic effects, friction, fabrication tolerances as well as braking and damping of fluid [2] . The time dependent forces and stress distributions in the components were found to be not critical with regard to failure due to short term fatigue or fracture. However, preliminary wear predictions under dry wear conditions indicated that the life time of the lobe pump might be short partially because severe wear occurs in the internal parts of the lobe pump [1, 3] . However, these results should be considered as a rough guess due to the complex transient behavior of multiple sliding contacts. Based on authors' best knowledge, there is still no literature available in dealing with the wear response of such systems and a realistic prediction of wear is not possible so far.
For wear simulation, Archard's wear model is the most popular model as discussed by many authors [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Archard's wear law represents a linear relationship between the incremental wear, local contact pressure and sliding distance. It was originally formulated on the global component scale in the form
where V w is the wear volume, k D is the dimensional wear coefficient, s is sliding distance and F N is the applied normal force. To determine the local wear distribution in a tribosystem, commonly the local formulation is used,
where p is the contact pressure at a point on the surface. For a further generalization towards sliding distance dependent or time dependent wear prediction, eqn (2) needs to be formulated a differential equation [6] 
with which an initial value problem can be solved through integration of the contact pressure over the slip distance. Therefore, the wear for each surface point results from the solution of the integral
In recent years, numerical simulation has achieved increasing attention as a powerful way for wear prediction and component design. As soon as multiple contacts and dynamic effects come into play, Finite Element simulations are so far the only way to achieve results, which account for the local contact conditions in the context of the system behavior. For well defined contact situations, for example, in gears, the global and local behavior has been studied with different multi-scale approaches [6, 11, 13] .
In the case of the micro lobe pump, contacts show a wide variation in their extension from conformal to Hertzian type. Also the number of contacts in the system changes by opening and closing of contacts as a function of the rotation angle. These circumstances don't allow an application of efficient models, such as Winkler surfaces. Thus, the combination of a finite element simulation with wear prediction using the Wear-Processor are applied here and details are given in the next section. The wear predictions for a single wear step and for multiple wear steps as well as the gap and changing of the kinematics are presented in the third part, which is followed by the conclusions.
Finite element model
The finite element code ABAQUS [15] was used for the analysis of the micro lobe pump. The simulation with multiple sliding contacts was solved by the ABAQUS-Explicit, which has proven excellent in dealing with transient and nonlinear effects as well as finite rotations.
Geometry
The finite element models used in this paper are based on those used in [2] . For the completeness of this paper, the basic information of the finite element model is stated here. The finite element model as shown in Figure 1 consists of four different parts: the housing, outer rotor, inner rotor and inner shaft. The outer diameter of the housing is 2.0 mm. These different parts are plugged together and, in this way, the different clearances can be taken into consideration. We assume zero initial clearance between the inner rotor and the inner shaft, while the clearances between the housing and the outer rotor and between the outer and inner rotor are non-zero, respectively (see Table 1 ). To study the influence of different clearances between the inner and outer rotor on the wear response, two different finite element meshes were adopted in this study. The outer edge of the housing is fixed in all directions. The inner shaft is turned by a rigid surface, which is adjusted and tied to the inner circular edge of the inner shaft and which is connected to a reference node with only the rotational degree of freedom available. The simulation of this micro pump model Detail configuration of the finite element model of the micro pump.
includes two steps. The first one is the acceleration step. The final angular velocity of 20,000 rpm at the inner shaft is applied with a constant acceleration when the inner shaft rotates to an angle of 120°. In the second step, the inner rotor rotates with the constant angular velocity of 20,000 rpm, and the simulation in this step is continued for 12 ms so that the inner rotor will rotate for 4 turns. The 4 turns ensure that the wear is the same with respect to the symmetry of the inner and outer rotors due to their 3 and 4 fold symmetry, respectively. The torque and force applied to this finite element model are the same as those in [2] .
Material properties
In the finite element models, the housing and the rotors are made of ceramic while the inner shaft is made of steel. The behavior of the two materials is assumed to be elastic with the corresponding material constants given in Error! Reference source not found.. A Coulomb friction law with a friction coefficient μ=0.15 is applied to all contact surfaces. The wear coefficient has been chosen with k D =13.5×10 -8 mm 3 /Nmm [13, 14] . 
Wear processor implementation
Based on the previous Wear-Processor 5.2 which has been described in detail in [8, 16] , several changes have been implemented. Some are visible from the flow chart in Figure 3 , the most important, relevant for this work, are explained below. 
A) Contact variables
The latest version of ABAQUS 6.8.1 [15] provides the contact pressure p of the slave and master directly. Besides, in the ABAQUS-Explicit solver, the slip variables are provided for both the slave surface and master surface, thus, the mapping procedure of the slip rate from the slave surface to that of the master surface [8, 16] will not needed in the present case.
B) Python control
The flow chart can now be separated into two parts; the python control part and the C++ wear processing part. Preparation and starting of the contact simulation, reading FE results interface, wear module calling, and re-meshing process are integrated in the python control part. The C++ wear processing part of the code will carry out the wear calculation for each corresponding wear module. Applications with the respective modules have been published earlier for a 3D pin-on-disc [8, 16] , a twin wheel tribometer [9] and a 2D gear tooth [13] .
Results and discussions

Single wear step
The wear simulations are carried out for initial clearances between the outer and inner rotor of 0 and 1μm (see Table 1 ), respectively. In the contact simulation, the inner rotor is rotated for 4 turns, and thus the outer rotor will rotate for 3 turns because the transmission ratio between the inner rotor and the outer rotor is 3:4. Actually, the wear of the components of the micro pump is very small after www.witpress.com, ISSN 1743-3533 (on-line) WIT Transactions on Engineering Sciences, Vol 66, © 2010 WIT Press one contact simulation, and it will not have a large effect for the following contact simulation since the geometry change is quite insignificant. Thus, in one wear step, we can calculate a certain amount of wear based on one contact simulation. In this work, the number of wear increments in one wear step is 50. Thus, one wear step assumes 200 rotations of the inner rotor.
The wear distribution of the inner rotor, outer rotor and the housing with and without initial clearance are shown in Figures 4-7 . Due to the geometric symmetry, a periodic behavior of the wear can be observed in the outer surface of the inner rotor as well as in the inner and outer surface of the outer rotor. The variable θ in the abscissa of these figures denotes the angle of each surface node with respect to the x axis in the counter-clockwise direction, as shown in Figure 1 . The maximum wear of the outer surface of the inner rotor occurs at 27°, 147° and 267°, while the maximum wear of the inner surface of the outer rotor occurs at 30°, 120°, 210° and 300°. These non-zero wear points are marked in the corresponding figure. Due to the upward applied force resulting from the pressure difference of the lobe pump, the maximum contact pressure always appears at the upper right contact region of the inner rotor and outer rotor contact pair, as shown in Figure 8 . For the inner surface of the housing, only the top half of the surface experiences contact due to the upward force applied at the geometrical center of the outer rotor, and hence wear occurs only at this top region.
It can be seen from Figures 4-7 that the initial clearance between the inner rotor and outer rotor has little influence on the wear of the rotors and the housing. The wear in these figures is almost comparable in the respective whole surface.
Multiple wear steps
In this section, the simulation is carried out with the same parameters as those in section 3.1. The progress of wear of the inner rotor, outer rotor and the housing are shown in Figures 9-12 .
As shown in Figures 9-11 , the wear of the inner rotor and outer rotor approaches to a very stable periodic shape with the increasing of wear steps. The maximum amount of wear is exactly the same for the 3 teeth of the inner rotor, and also for the 4 teeth of the outer rotor. The worn areas of the outer surface of the inner rotor as well as the inner surface of the outer rotor increase with increasing number of wear steps. Furthermore, from these results it can be concluded that the initial clearance does have only little effect on the final wear distribution of the micro pump. The wear distribution of the inner rotor, outer rotor and the housing show several interesting characteristics. After 75 wear steps, the maximum wear on the outer surface of the inner rotor is almost twice of that of the inner surface of the outer rotor. However, as we can see from Figures 4 and 5 for the first wear step, the maximum of wear of the outer surface of the inner rotor is smaller than that of the inner surface of the outer rotor. Thus, the rate of wear progress is not linear for the different contact surfaces. This indicates that a multiple wear step simulation is essential for the prediction of wear in such a complex dynamic system. Furthermore, it can be seen from Figure 9 that the position of the maximum wear shifts left with increasing number of wear steps while the position of the maximum wear in shifts right. Also, the position of maximum wear of the inner surface of the housing in shifts left from θ=90° for the first wear step to 56° for the 75 th wear step. These phenomena can be explained by the relative motions between the inner rotor, outer rotor and the housing. The outer surface of the housing is fixed in space, and the inner rotor which is controlled by a reference point can only rotate around with its geometric center. However, the outer rotor doesn't have a fixed rotation center, and therefore it can move dependent on the forming gaps due to wear. As a result, the center of the outer rotor gradually approaches to the upper right corner. As a consequence, the position of maximum contact pressure on the outer surface of the inner rotor moves to a smaller angle θ. For the position of maximum contact pressure on the inner surface of the housing we observe the same behavior. While for the outer rotor, it can be found that the position of the maximum contact pressure approaches a larger angle. Finally the change of the region with maximum contact pressure leads to the observed movement of the position of the maximum wear.
Gap formation and change of kinematics
The gaps between the inner rotor and the outer rotor (cf. Figures 8 and 16 ) as well as between the outer rotor and the housing increase with increasing number of wear steps, as shown in Figure 13 . It can be seen that the gaps show a nearly linear increase. Using such a diagram, the maximum allowed number of rotations of the micro-pump can be predicted for a given maximum permitted gap. Figure 14 shows the movement of the center of the outer rotor with increasing wear. Due to the upward force applied at the center of the outer rotor, the ycoordinate is always positive. In the very beginning, the outer rotor can rotate uniformly in the chamber and thus the x-movement in the horizontal direction is symmetric around the origin. With the occurrence of wear, the initial 4 point contact (see in [2] ) is immediately reduced to a 2 to 3 point contact situation (see Figures 15 and 16 in which the stress distribution is given only at the contact surfaces). With the transition from a 2 point contact to a 3 point contact, the x-coordinate of the www.witpress. com, ISSN 1743-3533 (on-line) center of the outer rotor moves from the minimum to the maximum, as indicated in Figure 14 .
With the increasing wear, it can be seen from Figure 14 that the center of the outer rotor gradually approaches to the upper right corner. This can be understood from the motion of the outer rotor by the action of inner rotor. Due to the special configuration of the inner rotor and outer rotor, the main contact regions between the two rotors always occurs at the right half side, which can be seen from with one main contact region and with two main contact regions at the right side. By combining the contact forces and the resulting pressure difference, the outer rotor approaches to the upper right position.
Conclusions
Based on the wear simulation tool Wear-Processor, the progress of wear in a micro lobe pump has been predicted. The simulation is based on the dynamic behavior of the pump. A single wear step wear simulation as well as a multiple wear step wear simulation was carried out. The results indicate that multiple wear step simulation is essential for correct prediction of wear in such a complex dynamic system. It has been shown that an initial clearance has little influence on the wear distribution on the various surfaces. The predicted gap formation depends nearly linear on the number of rotations.
With increasing wear, the center of the outer rotor moves to the upper right corner. The transition from a 2-point contact to a 3-point contact causes a shift of the x-coordinate of the center of the outer rotor from the minimum to the maximum.
The present work has successfully shown that wear can be predicted in complex dynamic systems. This opens up new possibilities for designers of engineering systems. In particular, it is possible to predict the effect of wear on the changing load, contact conditions, kinematics, and performance of the system under consideration. Furthermore, for given criteria, such as maximum gap size, amount of wear, maximum stress, etc, the simulation results provide a knowledge basis for the estimation of the life time in dependence of the component design and, in this way, can help to avoid expensive trial and error with prototype testing.
